Introduction
The goal of this article is to offer a somewhat personalized overview of efforts in our laboratory and in others to use multi-photon excitation for the delivery of 'caged' bioactive substances to physiological targets. 1 In general, the use of photo-excitation as the external trigger allows one to define the location and timing of the release (or 'uncaging') of such species. Furthermore, since the extent of photochemical reaction is a function of the amount of light absorbed by the reactive precursor, this allows one to define also the dosage of the release. Reactions may be triggered by single-photon absorption or (in some cases) by multi-photon absorption, and the ensuing discussion will compare these pathways. [17] with permission from the Nature Publishing Group. Original figure provided by Dr Andrew Smith of Emory University.) (Online version in colour.)
While our laboratory has focused primarily on the delivery of the bioregulator diatomic molecules nitric oxide (NO) [1] [2] [3] and carbon monoxide (CO) [4, 5] from metal complex precursors, it is clear from the theme of this Discussion Meeting Issue of Philosophical Transactions A that there is considerable interest in other chemotherapeutic applications of such photochemical strategies. Here, we will discuss some of the principles and potentially therapeutic applications of multiphoton excitation, then focus on developments concerned with the photochemical delivery of NO.
NO is endogenously produced in mammalian physiology and is an important mediator in numerous functions including cardiovascular control, neurotransmission and immune response [6] . Of special interest to our laboratory is the role that NO plays in sensitizing radiation damage to cellular tissue [7] . Malignant tumours have hypoxic regions that are more resistant to radiotherapy than are normoxic tissues; thus, it would be of interest to alleviate such resistance by releasing a radiation sensitizer and/or by vasodilation to increase oxygenation in the targeted tissues. NO can play both roles, the former requiring NO concentrations approaching 1 μM [7] , the latter requiring nanomolar concentrations [8] , both ranges being locally accessible by photochemical activation of an appropriate precursor.
NO is also known to trigger cell apoptosis (programmed cell death) [9] , and this property offers another potential therapeutic application in cancer therapy [10] . However, NO plays contradictory roles in regulating apoptosis and has been implicated in both tumour growth and suppression as dictated by local concentrations [9, [11] [12] [13] . For example, low [NO] stimulates angiogenesis (blood vessel growth) whereas the higher [NO] is inhibitory and promotes cell death [14] . Thus, if one chooses direct therapeutic NO application to kill tumour cells, it would be critical to ensure that a high dose is released at the target, given the dependence of cellular outcomes on NO concentrations and the potential for an unfavourable result. In this context, it is our view that the most effective application of NO release in cancer treatment will be in conjunction with radiotherapy or other chemotherapies that are enhanced by NO. Notably, the latter strategy depends strongly on being able to control the concentration and timing of NO delivery in order to maximize the synergism.
There are several properties of caged bioactive agents that are generally desirable for physiological applications. One is solubility in water or in a medium such as aqueous dimethylsulfoxide commonly used for intravenous drug delivery. It should be noted, however, that aqueous solubility is not an absolute requirement for local injection, and it may also be possible to implant a solid material incorporating the photochemical precursor. Thermal stability in aerated media at physiological temperatures is also highly desirable, so that the substance of interest is released only when triggered by light. A third key property, and the one that is the principal focus of this article, would be photoactivity at excitation wavelengths where the transmission of light is optimal. The depth that excitation penetrates into tissue is strongly dependent on wavelength, transmission being optimal in the near-infrared (NIR) region [15] [16] [17] . The absorption profiles of various tissue components are shown in figure 1 [17] . According to these, light transmission through tissue would be the least for ultraviolet excitation wavelengths and become increasingly greater for longer visible wavelengths. The ideal windows for excitation would be at the NIR wavelengths. Historically the 'therapeutic window' was considered to be approximately 700-950 nm; however, the emergence of nanomaterial emitters and development of new detectors extend this range to 1300 nm. One way by which to utilize NIR wavelengths to access this window is by multi-photon excitation.
Some general comparisons between single-and multi-photon excitation
In order to lay the appropriate groundwork, we will briefly discuss some operational features of photochemical processes initiated by single-photon excitation (SPE), the typical case with most chromophores when excited with continuous light sources or even with lower intensity flashed sources having nanosecond or longer pulses. The response of chemical systems to SPE will then be compared with examples where multi-photon excitation plays a role, either by simultaneous absorption of two (or more) photons or by stepwise processes.
(a) Single-photon excitation Different strategies have been pursued to cage the desired bioactive substance in a precursor that will be sensitive to the excitation wavelengths for which tissue transmission is feasible, even if not optimal. For example, we and others have worked to design molecular species and larger constructs that are photoactive for NO release at longer excitation wavelengths in the visible [10, [18] [19] [20] and even in the NIR ranges [21] . However, doing so requires a compound that has appropriate absorption properties and reactivity when excited by longer wavelength light. In some cases, appropriately low energy electronic states capable of the desired uncaging process are potentially accessible, but direct excitations to these from the ground state are spin or symmetry forbidden.
An example would be the chromium(III) dinitrito complex trans-Cr(cyclam)(ONO)
('CrONO'; cyclam = 1,4,8,11-tetrazacyclotetradecane) that has been studied in our laboratory as a photochemical precursor that releases NO reversibly (equation (2.1)) with a moderately large quantum yield at excitation wavelengths as long as 546 nm [22] .
trans-Cr(cyclam)(ONO)
The reactive excited state (ES) has been identified as a doublet ligand field (LF) state with an energy of approximately 1.77 eV (approx. 700 nm). This can be populated by internal conversion/intersystem crossing from the higher energy states formed by excitation in the visible range as illustrated by the ES diagram shown in figure 2 . Notably, direct excitation from the quartet ground state to the reactive doublet ES is both spin forbidden and symmetry (Laporte) forbidden [23] , given that the parities of the ground and the LF ESs are the same, and that an allowed single-photon transition requires a dipole change. Furthermore, while the spin-allowed d → d transitions to the lower energy quartet LF ESs are in the visible (λ max 470 nm), they too are Laporte forbidden in this centrosymmetric d 3 complex. Therefore, even these 4 [CrONO] → 4 [CrONO] * bands have small extinction coefficients (ε λ ∼ 40 M −1 cm −1 ) and thus are quite weak.
Why does this matter? The ability of a photochemical precursor to deliver a caged molecule will depend on a number of factors. Two important quantitative parameters are the quantum yield of the desired photoreaction and the rate of the photochemical uncaging of the bioactive substance of interest. For SPE, the quantity of the photoproduct (P) generated should be a linear function of . Single-photon excitation into the quartet excited state is followed by intersystem crossing to the doublet excited state from which NO is released. (Figure reproduced with permission from Ostrowski et al. [22] . Copyright the American Chemical Society.) (Online version in colour.) the number of photons directly absorbed by the photoactive precursor; thus the quantum yield (Φ P ) is defined by
where P would be moles of product formed and hν would be einsteins of light absorbed by the photoactive substance. Technically, the quantum yield should be determined for excitation at a specific wavelength, since Φ I may be wavelength dependent. The quantum yield can also be defined in terms of the photoreaction rate:
The latter is a particularly important consideration when the goal is to affect a dynamical physiological system by photo-uncaging. For example, in solution one can write 
Abs(λ) is the solution absorbance at the excitation wavelength λ irr and equals the product of the molar concentration of the photoactive species (c), molar extinction coefficient ε(λ) (in l mol −1 cm −1 ) and the pathlength of the solution cell (in cm). Thus, the rate of photoproduct formation under SPE at a particular wavelength will be directly proportional to I 0 and to Φ P and will be a more complex function of c and ε(λ). If the product of c and ε(λ) is sufficiently large, all the light is absorbed and the photoreaction rate becomes independent of both terms, although this scenario is unlikely in a targeted tissue, as well as is the premise that the photoreactant is the only absorbing species. In this context, efficient photochemical delivery to physiological targets should be more favourable with precursors that absorb strongly at the desired excitation wavelength(s) λ ex . When polychromic light is used as the excitation source, the photochemical rate would be the integral of the product Φ i I a over the excitation wavelengths, noting that Φ i may be and I a certainly will be functions of λ irr .
In order to obtain such photochemical precursors, it is often of interest to develop molecular constructs containing strongly absorbing chromophores that can act as antennas to capture desirable wavelengths of light (scheme 1). If the ESs of these antennas are energetically capable of internal energy transfer to the ES capable of the desired reaction (conservation of energy must be obeyed), then the larger SPE absorption cross sections of the antennas can lead to greatly enhanced rates of uncaging. In simple terms, the rates of the photosensitized reaction will be equal to [24, 25] thereby increasing, in each case, the photochemical rate of the reaction depicted in equation (2.1).
(b) Multi-photon excitation
The reactive ESs of many otherwise attractive precursors are not low enough in energy to be accessed by SPE of an antenna with strong absorption bands at longer visible wavelengths or in the NIR therapeutic window. This led our laboratory to consider a different approach, namely, multi-photon excitation, where the additive energy of two or more NIR photons would be sufficient to generate the desired precursor state for uncaging. Two types of multi-photon excitation will be addressed in the discussion below: (a) simultaneous absorption of two quanta of light (two-photon excitation or TPE) and (b) NIR-to-visible/UV energy transfer upconversion (ETU) involving sequential absorption processes (see scheme 2). Multi-photon excitation, whether by simultaneous or sequential processes, will typically have a nonlinear dependence of the photoreaction rate upon I 0 , and this behaviour is very different from that noted above for SPE stimulated processes (equation (2.4)).
Simultaneous two-photon absorption processes were first discussed in the 1930s by Maria Goeppert-Mayer (after whom GM, the units of two-photon absorption, are named), but experimental verification of these ideas occurred decades later [26] . The primary reason for the lengthy delay was that the high monochromatic light intensities necessary to test the concept were not routinely accessible until the advent of lasers, since the probability of TPE is proportional to I 2 , the square of the light intensity, if a single light source is used. 4 This quadratic relationship means that the probability of TPE is highest at the focal plane of a focused light source (see figure 3 ). ) In a weakly absorbing medium, the highest rate of single-photon absorption would also be at the focal point, although this would be proportional to r −2 (where r is the radius of the beam at a particular point along the propagation axis z). However, in a strongly absorbing medium, I would be attenuated as a function of z beginning at the surface of the sample. With TPE, I
2 is proportional to r −4 and hence is much more sensitive to the position of the focal plane along z. (Adapted from Pedersen et al. [27] , with permission from Informa Healthcare.) (Online version in colour.)
This confers three-dimensional spatial resolution to the excitation profile, a property that has been extensively exploited in biological imaging [28, 29] and offers some very interesting possibilities in photochemical therapy [27, 30] .
The theory of two-photon excitation (absorption) is presented in greater detail elsewhere, so our focus here will just be on several key features that characterize TPE processes to provide a possible guideline regarding potential applications of this technique. When a beam of monochromatic light with wavelength λ propagates through an optical medium, its intensity is attenuated according to
where I(x) is the transverse light intensity at any point x. The first term corresponds to typical SPE, while the subsequent and progressively weaker terms correspond to two-and three-photon absorption, etc. Conservation of energy is also required for any resonant transition. Therefore, with TPE, E f − E i = 2 hν, where E f − E i is the energy difference between the initial and final states. The selection rules for TPE are different from those for SPE, in particular, the former is allowed only between two states that have the same parity, while the latter requires a change in parity. Thus, in a centrosymmetric molecule, an allowed one-photon transition from the ground state to a given ES would not be two-photon allowed and vice versa, although mixing with appropriate vibronic terms can increase the allowedness of specific electronic transitions. Of course, for molecules without an inversion centre, transitions can be both single-photon and two-photon allowed.
There have been considerable experimental efforts to define the types of chromophores that have high TPE cross sections [28] . Among these, organic π -conjugated ones are attractive for TPE applications in the NIR, since SPE transitions in this region are typically forbidden by [26] describes a number of effective TPE chromophores and offers some general guidelines for designing such species. For example, it is argued that species with intramolecular charge transfers, that is, molecules with both electron-rich π -donor and electron-demanding π -acceptor components and extended conjugation will be active two-photon absorbing chromophores. The evolution of such structure/activity design considerations has also pointed to π -conjugated quadrupolar molecules with such electron-donor and -acceptor units arranged symmetrically with respect to the centre of the molecule as having large two-photon cross sections in the NIR region [31] . This has led to a sizable effort into the development of new TPE chromophores [26, 31, 32] , although as He and co-workers [26] pointed out, there is some difficulty in comparing the quantitative two-photon absorption cross-section values reported, since these have been measured by different techniques and under different conditions.
Various types of nanoparticles constitute another class of TPE chromophore and there is a growing interest in developing different multi-photon driven systems using such materials as antennas for excitation with NIR light [33, 34] . For example, two-photon absorption cross sections as large as 10 4 GM (1 GM = 10 −50 cm 4 s photon −1 ) are commonly observed with semiconductor QDs such as the cadmium selenide core or CdSe/ZnS core/shell QDs, and the magnitude increases dramatically as the size of the cores increases [35, 36] . A detailed discussion of the biological applications of nanomaterials under multi-photon excitation is outside the intended scope of this article.
Some therapeutic applications of two-photon excitation
Imaging and microscopy comprise by far the most extensive applications of multi-photon excitation in biology [28, 29, 37] . A medical application is in photodynamic therapy (PDT), a method involving the excitation of a sensitizer, followed by energy transfer to dioxygen (O 2 ) leading to the formation of singlet dioxygen (scheme 3), which has the capability to destroy diseased tissue (or in some cases, pathogens) at that site [38] [39] [40] . The triplet ground state of O 2 has the 3 Σ − g electronic configuration and direct excitation to the singlet 1 g state (approx. 1270 nm) is forbidden, so an indirect approach via photosensitization is necessary for the latter's preparation. Notably, such energy transfer occurs from the sensitizer triplet state T 1 that is formed by intersystem crossing from the singlet ES formed by direct excitation. For this reason, the effectiveness of the sensitizer is dependent on the efficiency of the intersystem crossing, so features such as heavy atoms are often incorporated into the sensitizer to enhance the rate of this process relative to those of the competing radiative and non-radiative deactivation of the S 1 state.
The S 1 ES can be formed by SPE or TPE. The advantage of SPE is that it is generally much more efficient, so in order to take advantage of the therapeutic window, a variety of sensitizers, such as various porphyrins, phthalocyanines and other polypyrrole macrocycle derivatives that absorb at longer visible wavelengths (600-800 nm) have been prepared and tested for their efficacy in PDT applications [40] . Other desirable properties include aqueous solubility, dark stability in aerobic media, selectivity of uptake and retention by the targeted cells and the absence of significant toxicity to the host.
Applications of TPE to PDT again have been directed towards taking advantage of the tissue transmission properties of NIR light and the spatial resolution provided by the quadratic dependence on the intensity of the exciting light [27, 39, 41] . The latter has been demonstrated in vivo by using TPE and PDT dyes to seal blood vessels in mice [42] . Nonetheless, there is some concern about the difficulty of achieving appropriate focusing of lasers given the scattering inherent to a nonhomogeneous material such as mammalian tissue.
The three-dimensional resolution opportunities provided by TPE have extensively been exploited in neuroscience both in tissue samples and in vivo [43] [44] [45] [46] [47] [48] [49] [50] . The NIR TPE induced uncaging of neurotransmitters such as glutamate (figure 4) and has allowed the functional mapping of the respective receptors in neurons with high-resolution (μm), sub-cellular precision Figure 4 . Examples of compounds that are photochemical precursors ('caged') of the neurotransmitters glutamic acid (a) and γ-aminobutanoic acid (b). For (a) the photoactive chromophore is a 4-carboxymethoxy-5,7-dinitroindolinyl derivative, while for (b) it is a 7-aminocoumarin derivative. These are active towards release of the respective neurotransmitter upon two-photon excitation at 720 and 830 nm, respectively [47] . (Online version in colour.) [48] . The species shown in figure 4 use π -unsaturated aromatic compounds as the TPE chromophores, but it should be noted that metal complexes such as ruthenium amines have similarly been used as chromophores for TPE uncaging of neurotransmitters [46, 51] . TPE has also been recently explored as a possible methodology for the targeted uncaging of cancer chemotherapy drugs [52] [53] [54] and antibacterials [54] as well as for ophthalmologic applications [55] . In one such example [54] , the drugs of interest were encapsulated in water soluble micelles of a biocompatible block copolymer of poly(ethylene oxide) and a poly(Lglutamic acid) derivatized with coumarin dyes. TPE of these materials using 794 nm light led to dissociation of the dyes from the polypeptide and a shift of the hydrophilic-hydrophobic balance and destabilization of the micelles, leading in turn to release of the encapsulated drugs.
Two-photon excitation in NO delivery
Our personal interest in TPE began with iron/sulfur/nitrosyl clusters known as Roussin's red salt esters (RSEs) that have the general formula Fe 2 (NO) 4 (μ-SR) 2 , where the substituent R on the Thus, by varying the R-groups, it should be possible to incorporate desired optical or biological properties into the RSEs. In this context, Conrado et al. [18] in this laboratory prepared an RSE with a pendant protoporphyrin IX derivative PPIX-RSE which was shown to have significantly enhanced rates of NO production at longer visible-range λ irr (e.g. 546 nm), relative to a simpler RSE such as Fe 2 (NO) 4 (μ-SEt) 2 . They concluded that PPIX-RSE works much like the illustration in scheme 1, where the pendant chromophore absorbs the exciting light, followed by energy transfer to the iron cluster and uncaging of NO. The enhanced rate of NO production can be attributed entirely to the antenna effect where the PPIX strongly increases I a (A), the intensity of the light absorbed by the antenna, since the net quantum yield actually decreased. 
PPIX-RSE
Although the emission spectrum of PPIX-RSE is analogous to those of PPIX and its dimethyl ester PPIX-DME, the emission intensity from PPIX-RSE is strongly attenuated (approx. 90%). This quenching was probably due to energy transfer from the PPIX to the Fe cluster and was also reflected in markedly shorter luminescence lifetimes of that chromophore in PPIX-RSE as probed by ultrafast pulsed laser studies [18] . The dual lifetimes observed (τ 1 = 0.22 ns, τ 2 = 10.7 ns) suggested that two PPIX-RSE conformers were present, one much more readily quenched than the other, and this suggestion was confirmed by ion-mobility mass spectrophotometry experiments that detected both folded and open forms of this structure [57] .
The question remained regarding whether TPE of such a chromophores would display a similar antenna effect and TPE stimulated NO release. Wecksler initiated this approach by subjecting a solution of PPIX-RSE to 810 nm NIR excitation with 100 fs pulses from a Ti/sapphire laser [58] . Despite the relatively poor two-photon absorption cross section (δ) of PPIX (δ = 2 GM at 790 nm [59] ), he found that this led to a weak emission from PPIX-RSE with a λ max of 632 nm. Furthermore, NO was also generated. For comparison, TPE of PPIX or PPIX-DME under analogous condition gave much stronger emission, so the behaviour upon two-photon absorption paralleled that seen under SPE at much shorter λ irr . 
and photoreaction studies of these under both SPE and TPE. The depicted RSEs are Fluor-RSE, where the two pendant ligands are derived from the strongly luminescent dye fluorescein [60] , and AFX-RSE, where the pendant chromophore(s) is a dye designed for TPE properties and prepared by the US Air Force Research Laboratory of Dr L.-S. Tan [61] . For both RSEs, the fluorescence properties of the ES species formed after TPE at 800 nm were equivalent to those of the ES formed upon SPE at much shorter wavelengths (436 nm). Thus, it appears that the same ligand-centred singlet states are formed regardless of the method of excitation. Furthermore, in each case, the fluorescence was markedly attenuated from that of analogous chromophore models without the Fe/S/NO cluster, and this was accompanied by shorter fluorescence lifetimes and NO release. These observations are qualitatively consistent with an energy transfer mechanism from the excited PPIX chromophores to the metal clusters. 
AFX-RSE
The quantitative emission properties of Fluor-RSE and AFX-RSE upon TPE were used to determine the two-photon absorption cross section δ according to equation (4.2):
In this treatment, I is the integrated fluorescence intensity, c the concentration, Φ the fluorescence quantum yield, P the excitation power, K the solution refractive index ratio and ref designates the reference. Fluorescein (δ = 38 GM at 782 nm at pH 11 [62] ) was used as the reference, and given that the conditions for measuring the sample and reference were identical, we can assume that P = P ref and K = 1. In this manner δ was determined to be 63 ± 5 GM for Fluor-RSE [60] and 246 ± 8 GM for AFX-RSE [61] . Furthermore, the NO release was measured using a NO-specific electrode. For excitation of Fluor-RSE with 800 nm light, a log/log plot of the NO generated versus the excitation intensity proved to be linear and had a slope of 1.8 ± 0.2 [60] . Thus, the rate of NO production is (within experimental uncertainty) proportional to the square of the intensity of the exciting light as would be predicted for a TPE mechanism (scheme 2). In a subsequent study, Prasad and co-workers [63] prepared another RSE derivative Fe 2 (NO) 4 (μ-SR ) 2 , where R (see formula) is the conjugate of an oligo-phenylene vinylene amine, which serves as the TPE chromophore, and three tetra(ethylene glycol) monomethyl ether units to improve aqueous solubility. Again the emission from the chromophore (λ em max = 544 nm) was largely quenched as the result of energy transfer to the di-iron cluster. The two-photon absorption cross section of this complex was determined to be 682 GM at 775 nm. Both SPE at 365 nm and TPE at 775 nm led to NO release which was detected by electron paramagnetic resonance (EPR) spectroscopy using Fe(MGD) 2 (MGB = N-methyl-D-glucamine dithiocarbamate) as a trapping agent to give the EPR active Fe(MGD) 2 (NO) [64] . Since the fluorescent ligand was also released from the metal cluster as the result of the photolabilization of NO followed by oxidative secondary reactions, as previously seen with PPIX-RSE and Fluor-RSE [18, 60] , the net fluorescence from the solution increased as the photoreaction progressed. These workers also demonstrated using both HeLa and Cos-7 cancer cell cultures that the NO release generated by either SPE or TPE of Fe 2 (NO) 4 (μ-SR ) 2 led to light-dependent cytotoxicity, although the magnitude of the effect was greater in the SPE experiments owing to the greater flux of NO generated with direct UV excitation.
The interest in TPE-facilitated delivery of NO using NIR light has also stimulated some recent interest in organic photochemical precursors. Miyata and co-workers [65] have reported a novel 2,6-dimethylnitrobenzene based NO donor that is linked to a fluorescein as the twophoton absorbing moiety and therefore does not contain metal ions. This new species, Flu-DNB, 2 to give the EPR active adduct Fe(MGD) 2 (NO). Similarly, Flu-DNB is photoactive when subjected to pulsed excitation with an ultrafast laser at 720 nm where the system does not demonstrate single-photon absorption, and thus a TPE process is indicated. Uncaging of NO was also detected under the latter conditions, although the overall two-photon uncaging cross section was quite small (less than 1 GM). Notably, the uncaging cross section is a product of the twophoton absorption cross section and the quantum yield for NO release from the ES formed by TPE. Since uncaging was not observed upon irradiation of Flu-DNB at 450-480 nm, the λ max of the fluorescein chromophore, it appears probable that NO release is occurring from higher energy ESs that are only inefficiently populated by the TPE process in this case. Subsequently, the same group has reported several other nitrobenzene derivatives that release NO under NIR TPE; however, the uncaging cross sections are low in each case [66] .
Uncaging using upconversion nanoparticles (a) Introduction to Ln III -doped upconverting materials
Upconversion is a nonlinear process that involves the sequential absorption of multiple photons via long-lived ESs followed by emission at higher energy than the excitation source. For example, NIR excitation may result in UV, visible or NIR emission [67] . Phosphors based on the lanthanoid ions can be effective upconversion devices owing to the relatively long lifetimes of their f-f states. The electronic spectroscopy of the Ln III ions is largely determined by the shielding of the partially filled 4f orbitals by the filled 5s 2 and 5p 6 electron sub-shells. As a consequence, the energies of ) from which emission is observed. In this manner, the activator may release its stored energy as photons of higher energy than the excitation source. Adapted from Zhang et al. [79] . (Online version in colour.)
4f-4f electronic transitions are primarily defined by spin and electronic repulsion terms and show little sensitivity to the chemical environments of the Ln III ions whether in solution or diluted in a solid [68] . Altogether, this produces well-defined 4f electronic energy levels and relatively sharp absorption and emission bands, although 4f-4f transitions are parity forbidden. The lifetimes of 4f-4f ESs are more sensitive to the environment, since collisional pathways and vibronic coupling can contribute dramatically to non-radiative deactivation. Incorporating such ions in a solid matrix eliminates collisional contributions while the choice of the appropriate matrix can suppress phonon-coupling pathways important to non-radiative deactivation. Thus, doping Ln 3+ cations into a sodium yttrium fluoride matrix NaYF 4 , especially one in the β-phase, leads to strong emissions from the f-f states of these ions owing to the longer lifetimes under such circumstances. These properties are especially well suited for the NIR to UV/visible upconversion nanoparticles (UCNPs) [69] [70] [71] [72] that will be discussed in this section.
Upconversion commonly occurs by ETU or ES absorption mechanisms (scheme 2). Other less common pathways are photon avalanche [67] , cooperative sensitization and cooperative luminescence [73] [74] [75] [76] [77] . Once termed APTE (addition de photon par transfert d'energie) [78] , ETU uses sequential energy transfers from a sensitizer to an activator. For a Ln III -doped UCNP, the sensitizer is an ion such as ytterbium(III) in the crystal lattice that absorbs the excitation photon, temporarily stores the energy in a metastable level and then transfers it to an activator ion such as europium(III), terbium(III) or thulium(III) to form a metastable ES of the latter. Subsequent energy transfer from a sensitizer ion to the already excited activator ion produces new, higher energy states that can undergo emission as the result of 'upconversion'. The resulting emission (or emissions), which is the consequence of sequential multi-photon processes, occurs at a higher energy than the initial excitation source, as illustrated in figure 5 for a system with Yb 3+ as the sensitizer ion and Er 3+ as the activator ion [79] . With ETU, energy transfers to neighbouring ions are often between states that are not exact matches; that is, the transition involves excess or insufficient energy mismatch as illustrated in figure 6 [80] . In the former case, the excess energy may result in phonon release, while the opposite would be required for the latter case. Figure 6 also illustrates a case where the solid matrix has [81] [82] [83] [84] [85] . Of these, the β-phase (hexagonal) NaYF 4 host lattice has particularly favourable properties [86] . Using a NaY(Gd)F 4 host lattice, one can prepare hexagonal phase and small (approx. 10 nm diameter) UCNPs [86] [87] [88] ; however, the small particle size increases solvent quenching, especially by OH and NH groups, owing to the sizable percentage of the lanthanoid emitters that are at or near the surface in such species. Such quenching may be reduced by growing a shell of unsubstituted host material around the UCNP [89, 90] to isolate surface ions from these environmental effects. Related modifications of UCNPs include silica or polymer coatings [91] [92] [93] [94] [95] [96] [97] [98] . The former increase aqueous solubility (provided the particles are small enough) and bonding with peptides, siRNA, dyes or other organic molecules [99] . Notably, the sharp emission lines (10-20 nm at full width at half maximum) and long-lived ESs simplify emission detection in imaging applications. Furthermore, UCNPs are also quite photostable and show no bleaching even after hours of excitation.
In terms of the photophysical properties, it should be noted that the upconversion efficiency of a UCNP sample will be markedly power dependent owing to the nonlinear nature of this process. An example from this laboratory is noted in figure 7 , which demonstrates a linear log/log plot of emission intensity at 550 nm from an aqueous sample of silica coated NaYF 4 :Yb/Er (20/2%) UCNPs versus the power reading of a continuous wave (CW) diode laser operating at 980 nm with a beam diameter of about 2 mm. Given the slope of this plot (1.63), the nonlinear response of the emission brightness to excitation intensity is obvious. A higher energy luminescence that requires more than two 980 nm photons to populate could easily show a higher-order dependence on the laser power. At sufficiently high intensity excitation, the power dependence of the emission should saturate since the sensitizer population should reach a steady state at high light flux, and maximum emission quantum yields would be observed under such conditions. Although high upconversion efficiencies have been reported in one case for a solid Ln III -doped material [ measure quantum yields for the green emission from the upconversion material NaYF 4 : Yb/Er (20/2%) and reported a value of 3 per cent for such powders using a power density of 20 W cm −2 , which is consistent with earlier studies by Page et al. [102] . Quantum yields for a colloidal suspension of core:shell UCNPs (approx. 30 nm diameter) in hexanes were an order of magnitude lower (0.3%) despite the use of an excitation intensity (150 W cm −2 ) near the saturation of the power dependence curve. Even smaller quantum yields were observed in the absence of the NaYF 4 shell [101] , thus pointing to the value of such shells with small nanoparticles.
(b) Several biological applications of upconversion nanoparticles NIR upconversion fluorescence imaging reduces photo-damage to living cells and tissues, and is accompanied by very low autofluorescence background, decreased light scattering and high detection sensitivity as well as the greater light penetration depth of the excitation light in biological tissues. As noted above, the narrow line luminescence, long ES lifetimes and photostability of Ln III -doped UCNPs make these particularly well suited for biological imaging. In this context, there have been some really exciting developments in cellular imaging [103] [104] [105] [106] [107] and in vivo imaging with small animals [103, 104, [108] [109] [110] [111] . For example, strongly fluorescent core : shell β-NaYF 4 :Yb,Er UCNPs, coated with a thin layer of SiO 2 and modified with amino groups, were covalently linked to rabbit anti-CEA8 antibodies. These were then used as fluorescent labels sensitive to NIR excitation to detect the antigen CEA, which is a cancer biomarker expressed on the surface of HeLa cells [105] . In another example, Nyk et al. [104] used NIR-to-NIR upconversion to achieve deeper tissue imaging using aqueous dispersible fluoride NaYF 4 :Yb/Tm UCNPs (20-30 nm) . In vitro cellular uptake was seen and whole body small animal (mouse) fluorescence imaging was demonstrated using a commercial Maestro GNIR FLEX system. No apparent cytotoxicity was found. Subsequent long-term studies by Xiong et al. [111] of whole body imaging with polyacrylic acid-coated NaYF 4 :Yb/Tm UCNPs were able to track the biodistribution and excretion of the rare earth phosphors in mice. This study showed that injections of 15 mg kg −1 of these UCNPs led to no adverse effects on the health of the mice. These and other in vivo imaging studies, which have been recently reviewed [112] , also indicate that UCNPs may prove useful for therapeutic applications with minimal toxicity.
One potential therapeutic application of UCNPs is PDT [113] [114] [115] [116] [117] . Ln III -doped UCNPs have been explored as the initial chromophore in a multi-photon sequence of events leading to singlet oxygen generation for destroying diseased tissue or pathogens. The basic theme is the use of these non-toxic materials to absorb tissue transmitting NIR light. The upconverted emission is reabsorbed by organic dyes localized on the nanoparticle surface. Intersystem crossing gives the triplet states of these dyes appropriate for sensitizing the 3 Σ g to 1 g conversion of O 2 as illustrated in scheme 3. For example, UCNPs composed of NaYF 4 nanocrystal cores with a mesoporous silica shell (90 nm total diameter) loaded with the photosensitizer Zn(II) phthalocyanine were studied for their PDT effect on murine bladder cancer cells [113] . Intracellular uptake revealed a time-and concentration-dependent accumulation of these nanoparticles. Irradiation at 980 nm resulted in cytotoxic effects from the singlet O 2 generated. In another recent study, the effect of PDT triggered by 980 nm excitation of NaYF 4 :Yb/Er UCNPs with Zn(II) phthalocyanine on the surface was shown to be effective in inactivating viruses [116] . Potential uses of similar UCNP/dye combinations for PDT in this manner have been explored with small animal models and demonstrated some success in tumour reduction and lifespan extension in Balb/c mouse models [115] .
There have been limited studies as well with regard to using NIR excitation of UCNPs for uncaging reactions including the studies with regard to NO release described in the next section. In 2010 Carling et al. [118] chromophore absorbs only in the UV (λ max = 282 nm), so it is light from the 1 D 2 ⇒ 3 H 6 emission of Tm 3+ at 290 nm that is necessary to trigger this photoreaction, hence the relatively high laser intensity needed. In a more directly biological application Yang et al. [119] (c) NO uncaging using upconversion nanoparticles Studies in our laboratories [120] have now shown that assemblies based on NaYF 4 :Yb/Er(20/2%)@ NaYF 4 core : shell UCNPs can trigger the uncaging of NO from the iron/sulfur/nitrosyl cluster Roussin's black salt anion Fe 4 S 3 (NO) − 7 (RBS, Na + salt). Photolysis of RBS at UV/visible wavelengths had previously been shown to release biologically relevant concentrations of NO in aerobic solutions [121, 122] . Flash and continuous photolysis studies have also defined the stoichiometry (equation (5.1)) and mechanism of the photoreaction pathway in aqueous media [1, 123] . Notably, aqueous RBS is stable in the dark and does not show any absorbance at 980 nm or any photochemistry when subjected to irradiation with a 980 nm CW laser. The RBS anion was chosen as the caged form of NO for this proof-of-concept experiment owing to its strong visible absorption that overlays the visible emission bands of the β-NaYF 4 :Yb/Er (20/2%)@NaYF 4 core:shell UCNPs used, especially the green ( 2 H 11/2 − 4 I 15/2 , 4 S 3/2 − 4 I 15/2 ) transitions (figure 8). Two kinds of RBS/UCNP combinations were prepared [120] .
The first involved preparing core:shell UCNPs (average diameter 20 nm) then adding a silica layer approximately 10 nm thick. The silica coating not only makes these particles hydrophilic, but it can be treated with (3-aminopropyl)triethoxysilane to modify the surface with primary amines (−NH 2 ), which can be treated with acid to give cationic −NH + 3 groups to attract the RBS anions. Irradiation of a stirred suspension of these UCNPs in a 42 μM solution of Na RBS with a 980 nm diode laser operating at approximately 1 W continuous output (intensity 5-30 W cm −2 ) resulted in the generation of NO as detected by a GE Nitric Oxide Analyzer. NO output was linear with the irradiation time for a particular laser setting but showed nonlinear response to systematic increases in laser power from 1 to 4.5 W. A log/log plot gave a slope of 1.44 consistent with the power response of the emission at 550 nm (figure 7). Such nonlinear behaviour is very promising, since uncaging will be greatest at the focal point of the exciting light thus conveying an element of three-dimensional resolution to potential therapeutic applications. The second approach is illustrated in scheme 4. A mesoporous silica layer was added to the β-NaYF 4 :Yb/Er (20/2%)@NaYF 4 @SiO 2 core:shell:shell UCNPs to give nanomaterials with a total pore volume of 0.36 cm 3 g −1 . These were then impregnated with Na RBS after which they were coated with poly(allylamine hydrochloride) to encapsulate the RBS into the unit. The RBS remained encapsulated after washing and isolating these nanoparticles but released NO upon irradiation with 980 nm light [120] . This is a particularly promising result since it suggests that these nanocarriers of the caged NO should remain intact during potential therapeutic upconversion applications.
For the first of the above proof of concept experiments, the overall efficiency is low, approximately 3 × 10 −5 per cent, based on the estimated flux of NIR photons and the NO released. This is the product of several factors: the fraction of light absorbed by the nanocrystals, the quantum efficiency of upconversion, the fraction of upconverted light absorbed by the NO precursor, and the Φ NO of NO uncaging from the precursor at that wavelength. In the present case, the low efficiency can be largely attributed to the low Φ NO (approx. 0.001) for RBS under visible light excitation and the low upconversion efficiency (est. approx. 0.3%) [101] . However, these issues can be addressed by using photochemical precursors with more efficient quantum yields and perhaps by changing the compositions of the UCNPs, given that there have been reports of materials with greater upconversion efficiencies [102] . Thus, one can anticipate that the photonic efficiencies observed in these preliminary results can be improved very significantly, especially in the context that nanocarriers of the type described above offer the opportunity for very targeted uncaging of NO at therapeutically relevant sites. 
Overview and summary
In this article, we have discussed potential applications of multi-photon excitation directed towards the photochemical uncaging of bioactive small molecules with particular emphasis on the promiscuous bioregulator NO. This approach offers the opportunity to use NIR light to access higher energy ESs that would otherwise require visible or ultraviolet light with SPE. Besides being less damaging, NIR wavelengths will penetrate much deeper into mammalian tissue, thus, in principle, would be less invasive to use in phototherapy. As in any phototherapy, the absorption of light, even in the NIR, will lead to some localized heating, which of course can have physiological consequences. For example, owing to a weak absorption band by water at approximately 980 nm [112] , it may be desirable to design multi-photon absorbers and UCNPs that function at somewhat shorter NIR wavelengths to avoid this band, thus leading to more diffuse heat generation. Alternatively, the issue may be alleviated by using a pulsed light source and/or by increasing the concentration and efficiency of the photochemical precursor.
The other advantage of multi-photon excitation is the nonlinear response of the induced photochemistry to the excitation intensity. The expected photochemistry would occur primarily at the focal point of the excitation beam, and therefore would provide three-dimensional resolution. With regard to NO delivery, we have primarily discussed the use of dyes and QDs with high two-photon absorption cross sections for simultaneous TPE and of lanthanoid ion-doped UCNPs as sensitizers for sequential absorption of NIR photons to facilitate the uncaging process. The UCNPs offer a key advantage relative to simultaneous TPE, namely that the excitation intensities required are greatly reduced. Typically emission from UCNPs can be generated from continuous NIR diode lasers operating at 1-10 2 W cm −2 , while the sources used for simultaneous TPE are typically ultrafast lasers with peak pulse intensities of 10 6 -10 9 W cm −2 . The former may be less damaging, although this is not certain, since the total energy delivered over a period of time would be comparable. The relative expense and ease of operation and maintenance of CW lasers are likely to prove much more important factors. Both approaches offer some promise for therapeutic NO uncaging, although it is clear that the possibilities have been barely explored and that moving such methods from the laboratory benchtop to therapy constitutes an enormous challenge. 
